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Description 

BEAMFORMING ARCHITECTURE FOR 
MUL TI-BEAM PHASED ARRA Y 

ANTENNAS 

Background of Invention 

[0001] The present invention is related generally to satellite com- 
munication systems. More particularly, the present inven- 
tion is related to an assembly for combining communica- 
tion signals within a beamforming architecture of a multi- 
beam phased array antenna. 

[0002] Multi-beam antennas are used in a variety of communica- 
tion applications, such as on satellites. Current multi- 
beam antennas are divided into two classes, the fixed spot 
beam type and the multi-beam phased array type. The 
fixed spot beam type antennas require additional design 
investment, such as in componentry and system control, 
to provide beam pointing and shape altering capability. 
The multi-beam phased array type antennas can be elec- 
tronically reconfigured without such design investment, 



but are commonly formed in a "brick" type architecture. 
The brick architecture has significant height and a sub- 
stantial amount of components. 
[0003] phase array antennas typically include multiple radiating 
elements, element and signal control circuits, a signal dis- 
tribution network, a power supply, and a mechanical sup- 
port structure. Integration of these components can be 
time consuming and interconnections contained therein 
can degrade reliability of an antenna. Also, due to limited 
space on a satellite, there is a limited amount of area on 
the non-signal transmission side of the radiating element 
of the antenna for the above stated circuitry and struc- 
tures. 

[0004] a multi-beam phased array antenna often has multiple RF 
inputs, which are referred to as elements. For aperture ef- 
ficiency and reuse, each element has a single input an- 
tenna to capture or radiate RF energy followed by an am- 
plifier. For multi-beam applications, the received input 
signal is divided into N signals that correspond to an N 
number of resulting beams after amplification. After divi- 
sion, a beamformer applies amplitude and phase weight- 
ing to each channel of each element. For an array of M el- 
ements and N beams, there are MxN weighting circuits or 



beamforming paths. The signal energy from each beam 
and each element is combined in a power combiner, which 
has an N number of layers. For M elements and N beams, 
a quantity of N, M-to-one combiners are required. 

[0005] Packaging radio frequency (RF) beamforming circuitry for 
multiple beams in the available space on the non-signal 
side of the radiating elements can require configuring the 
circuitry and structures in a vertical fashion. This vertical 
arrangement increases height of the antenna. 

[0006] Also, the use of a vertical arrangement results in the use 
of separate modules for each of the beamforming circuits 
with many interconnections between the modules and 
power combining circuitry. The interconnections can neg- 
atively affect reliability and correspond to an increase in 
associated components. The interconnections and the as- 
sociated costs involved therein increase costs in an an- 
tenna and increase componentry integration time. The 
physical size of the antenna also limits the mounting lo- 
cations for the antenna. 

[0007] Thus, there exists a need for an improved multiple phased 
array antenna having an electrical coupling and packaging 
configuration that minimizes antenna size, the number of 
interconnections, component and manufacturing costs, 



and integration time. 
Summary of Invention 

[0008] The present invention provides a first subarray beam- 
former for a multi-beam phased array antenna. The first 
subarray beamformer is used in a receiving mode and in- 
cludes multiple phased array antenna beamforming layers. 
The beamforming layers include a first beamforming layer 
that may have a first series of combiners in a first orienta- 
tion. The first series of combiners combine a first set of 
signals to form a second set of signals. A second beam- 
forming layer may have a second series of combiners in a 
second orientation that are coupled and orthogonal to the 
first series of combiners. The second series of combiners 
combine the second set of signals to form a first com- 
bined signal. 

[0009] a second subarray beamformer for a multi-beam phased 
array antenna is also provided. The second subarray 
beamformer may be used to provide additional receive 
beams or may be used in a transmitting mode that has a 
similar configuration as that of the first subarray beam- 
former, but includes dividers rather than combiners. 

[0010] The embodiments of the present invention provide several 
advantages. One such advantage that is provided by mul- 



tiple embodiments of the present invention is the provi- 
sion of subarray beamformer configured such that the 
number of beamforming, combining, and dividing layers 
within a phased array antenna is reduced. The reduced 
number of modules and layers reduces the number of 
separable interconnections within a phased array antenna. 

[0011] Another advantage that is provided by multiple embodi- 
ments of the present invention is the provision of simpli- 
fying the layers within a subarray beamformer, which fur- 
ther reduces the number of separable interconnections 
within a phased array antenna. 

[0012] The above stated advantages in reducing the number of 

interconnections, minimize integration time and manufac- 
turing costs, and improve reliability of a phased array an- 
tenna. 

[0013] The present invention itself, together with further objects 
and attendant advantages, will be best understood by ref- 
erence to the following detailed description, taken in con- 
junction with the accompanying drawing. 
Brief Description of Drawings 

[0014] Figure 1 is an elevational view of a satellite communica- 
tion system incorporating a multi-beam phased array an- 
tenna assembly in accordance with an embodiment of the 



present invention. 

[0015] Figure 2 is an exploded view of the multi-beam phased 
array antenna assembly of Figure 1 in accordance with an 
embodiment of the present invention. 

[0016] Figure 3 is a cross-sectional view of a beamforming board 
in accordance with an embodiment of the present inven- 
tion. 

[0017] Figure 4 is a perspective view of a subarray of radiating 
elements of the phased array antenna of Figure 1 in ac- 
cordance with an embodiment of the present invention. 

[0018] Figure 5 is a top schematic view of a subarray tile illus- 
trating connection element arrangement thereon and in 
accordance with an embodiment of the present invention. 

[0019] Figure 6A is a schematic view of a first beamforming layer 
of the subarray of Figure 4 in accordance with an embodi- 
ment of the present invention. 

[0020] Figure 6B is a schematic view of a second beamforming 
layer of the subarray of Figure 4 in accordance with an 
embodiment of the present invention. 

[0021] Figure 7 A is a schematic view of a third beamforming 
layer of the subarray of Figure 4 in accordance with an 
embodiment of the present invention; and 

[0022] Figure 7B is a schematic view of a forth beamforming layer 



of the subarray of Figure 4 in accordance with an embodi- 
ment of the present invention. 
Detailed Description 



[0023] | n the following figures, the same reference numerals will 
be used to refer to the same components. While the 
present invention is described with respect to an assembly 
for combining communication signals within a beamform- 
ing architecture of a multi phased array antenna, the 
present invention may be adapted for use in various ap- 
plications known in the art. The present invention may be 
applied in military and civilian applications. The present 
invention may be applied to aerospace systems, commu- 
nication systems, spacecraft systems, telecommunication 
systems, intelligent transportation systems, global posi- 
tioning systems, and other systems known in the art. Al- 
though the present invention is described primarily with 
respect to a multi-beam phased array antenna, the 
present invention may be applied to other antennas 
known in the art. 

[0024] | n t he following description, various operating parameters 
and components are described for one constructed em- 
bodiment. These specific parameters and components are 
included as examples and are not meant to be limiting. 



[0025] Referring now to Figure 1, an elevational view of a satellite 
communication system 10 incorporating a multi-beam 
phased array antenna assembly 12 in accordance with an 
embodiment of the present invention is shown. The satel- 
lite communication system 10 includes a satellite 14 that 
has the antenna assembly 12. The satellite 14 utilizes the 
antenna assembly 12 in communication with the ground 
station 16 on the earth 18. Although a single satellite, 
multi-beam phased array antenna assembly, and ground 
station are shown, any number of each may be included 
within the communication system 10. 

[0026] Referring now to Figure 2, an exploded view of the an- 
tenna assembly 12 in accordance with an embodiment of 
the present invention is shown. The antenna assembly 12 
includes an array of radiating elements 20, which are 
mounted to a common array structure 22. An array of sig- 
nal conditioners 24 is mounted within and on an opposite 
side of the array structure 22 as that of the radiating ele- 
ments 20. The signal conditioners 24 are coupled to the 
radiating elements 20 through the array structure 22. A 
subarray beamformer or beamforming board 26 is cou- 
pled to the signal conditioners 24. A cover 28 resides over 
the beamforming array and is coupled to the array struc- 



ture 22. The antenna assembly 12 may be operated in a 
transmit mode or a receive mode. 

[0027] The radiating elements 20 perform as antennas and 

transmit or receive communication signals to and from 
the antenna assembly 12. The radiating elements 20 may 
be of various sizes, shapes, and types and may transmit 
and receive signals of various strengths, wavelengths, and 
polarizations. There may be any number of radiating ele- 
ments 20 included within the antenna assembly 12. The 
radiating elements 20 may be in various arrangements 
known in the art. 

[0028] The array structure 22, although being shown in the form 
of a circuit housing, may be in various other forms. The 
array structure provides a simple, compact, and efficient 
technique for rigidly holding and containing the phased 
array antenna circuitry, such as the signal conditioners 24 
and the beamforming board 26. The array structure 22 
provides a mounting platform and coupling mechanism 
for the radiating elements 20, the signal conditioners 24, 
and the beamforming board 26. The array structure 22 
may include other circuitry, some of which is shown with 
respect to the embodiment of Figure 3. Although the array 
structure 22 is illustrated as being divided into thirty-six 



4x4 subarrays 29, the array structure 22 may be divided 
into any number of subarrays having any number of 
columns and rows, as is further stated with respect to the 
embodiment of Figure 4. 

[0029] The signal conditioners 24 in general adjust gain and 
phase of the communication signals. The signal condi- 
tioners 24 may include amplifiers, such as low noise am- 
plifiers, solid-state power amplifiers, phase correction cir- 
cuitry, and other circuitry, such as electrical or electronic 
components known in the art. 

[0030] The beamforming board 26 forms combined signals from 
the communication signals received by the antenna as- 
sembly 12 when in a receive mode and forms communica- 
tion signals from the combined signals when in a transmit 
mode. The beamforming board 26 is configured such that 
there are fewer beam forming layers within the beam- 
forming board 26 than there are radiating elements 20 or 
communication signal beams. The beamforming board 26 
performs similar functions as that of traditional beam- 
forming circuitry and power combiners, but in a simple, 
compact, and efficient manner. Configuration of the 
beamforming array 26 is described in further detail below. 

[0031] The cover 28 in combination with the array structure 22 



provide a protective and contained housing for the signal 
conditioners 24 and beamforming board 26. The cover 
28, as with the array structure 22, may be formed of vari- 
ous materials known in the art. 

[0032] Referring now to Figure 3, a cross-sectional view of the 

beamforming board 26 assembled and in accordance with 
an embodiment of the present invention is shown. The 
beamforming board 26 may be in the form of a multilayer 
circuit board, as shown. The beamforming board 26 in- 
cludes subarrary tile element or layers 50. The tile ele- 
ments 50 may be directly coupled to the beamforming 
board 26 or may be coupled via connectors 51. 

[0033] The beamforming board 26 is formed of multiple stripline 
layers or beamforming layers 52. The beamforming layers 
52 include a first beamforming layer 54, a second beam- 
forming layer 56, a third beamforming layer 58, and a 
forth beamforming layer 60. Although the beamforming 
board 26 is shown as having four beamforming layers 52, 
any number may be utilized, which is explained in further 
detail below. The beamforming layers 52 are formed over 
and adjacent to the beamforming element layer 50. Each 
beamforming layer 52 is coupled to an adjacent layer, de- 
vice, or array through use of conductive via or conductive 



connections 61 therebetween. Each of the beamforming 
layers 52 may be formed of organic and ceramic materi- 
als, as known in the art. Each of the beamforming layers 
may be adhesively coupled to adjacent layers, devices, 
and arrays. 

[0034] The beamforming board 26 may also include additional 

layers and devices for added functionality. For example, in 
the embodiment as illustrated, the beamforming board 26 
includes direct current (DC) and signal control routing lay- 
ers 62, a power filtering device 64, and a ball grid array 
66. The added layers and devices provide additional signal 
control and connection support. 

[0035] Referring now to Figure 4, a perspective view of a subar- 
ray 29 for a portion of the radiating element 20 in accor- 
dance with an embodiment of the present invention is 
shown. The subarray 29 is shown as a 4x4 subarray of the 
beamforming board 26. The subarray 29 has four 
columns 72 and four rows 74. The subarray 29 is coupled 
to sixteen radiating elements 76 via the signal conditioner 
array 24 (not shown). Each radiating element 76 receives 
or transmits power corresponding to each of the sixteen 
beams (not shown), which are received by each tile ele- 
ment 50. Each tile element 50 resides within the array 



structure 22 and is coupled to a signal conditioner 24. 
Each tile element 50 may reside above or below the 
beamforming board 26. Each beam received or transmit- 
ted by the radiating elements 76 has a corresponding ra- 
dio frequency (RF) connector location or input/output 
connection element 84 in each tile element 50, as shown 
in Figure 5. Although the subarray 29 is shown as a 4x4 
subarray, subarray 29 may have any number of subarray 
columns and rows. 

[0036] Referring now to Figure 5, a top schematic view of one of 
the subarray tile elements 50 illustrating connection ele- 
ment arrangement thereon and in accordance with an em- 
bodiment of the present invention is shown. The tile ele- 
ment 50 is shown as having sixteen signal connection ele- 
ments, elements 79, which are arranged symmetrically 
around a periphery 80 of the tile 50. This allows position- 
ing combiners or dividers for multiple beams on the same 
beamforming layer. Variable phase shifters and attenua- 
tors 83 reside between the elements 79 and tile com- 
biner/dividers 81. 

[0037] signal power received from or transmitted to the tile ele- 
ments 50 is combined or divided by the beamforming ar- 
ray 26. The tile elements 50 include the combiner/di- 



viders 81 that are coupled on the tile 50 between the con- 
nection elements 79 and a controller 82. Each beam is 
combined separately and simultaneously and is transmit- 
ted or received through the input/output 84. Amplifiers 
85 reside between the combiner/dividers 81 and the in- 
put/output 84. 

[0038] The controller 82 controls amplitude and phase of the 
beams and in so doing controls steering angle of the 
beams. The controller 82 may be microprocessor based, 
be in the form of an application specific integrated circuit 
(ASIC), or be formed of other logic devices known in the 
art. 

[0039] | n the following Figures 6A-7B, although orthogonal ori- 
entations are provided, other orientations may be envi- 
sioned by one skilled in the art. 

[0040] Referring now to Figure 6A, a schematic view of a first 
beamforming layer 90 of the subarray 29 in accordance 
with an embodiment of the present invention is shown. 
The first beamforming layer 90 includes a first series of 
combiner/dividers strips 92, which are unidirectionally 
oriented across the subarray 29. Each strip 92 has one or 
more combiners/dividers 94, which combine a first set of 
signals to form a second set of signals or divide the sec- 



ond set of signals to form the first set of signals, depend- 
ing upon the mode of operation. The first set of signals 
corresponds with the connection elements 100 and the 
second set of signals correspond with the input/outputs 
connection elements 102. For the embodiment as de- 
scribed, the first beamforming layer 90 includes thirty- 
two four-to-one combiner/divider strips. A first half of 
the strips 96 are offset from a second half of strips 98 to 
efficiently utilize cross-sectional area of the subarray 29. 
The strips are grouped by columns 72 of the subarray 29. 

[0041] Each strip includes four signal elements 100 and a single 
input/output connection element 102. Circles 104 desig- 
nate the sixteen signal elements for a first beam and a 
first subarray. Input/output elements 102 of the strips 92 
for the first beam are noted by squares 106. The strips 92 
may be in the form of a tree like structure as shown or 
may be in some other form known in the art. 

[0042] Referring now to Figure 6B, a schematic view of a second 
beamforming layer 110 of the subarray 29 in accordance 
with an embodiment of the present invention is shown. 
The second beamforming layer 110 includes a second se- 
ries of combiner/divider strips 112, which are unidirec- 
tionally oriented across the subarray 29 and oppose and 



are orthogonal to the first series of strips 92. The term 
"oppose" does not necessarily mean against or directly 
coupled to, but rather refers to alignment and relative po- 
sition of the strips 112 relative to the strips 92. 

[0043] For the embodiment as shown, the second layer 110 in- 
cludes eight four-to-one combiner/divider strips also 
having multiple combiner/dividers 113. The combiner/di- 
viders 113 combine the second set of signals to form first 
combined signals or divide the first combined signals to 
form the second set of signals, depending upon the mode 
of operation. The second set of signals corresponds with 
the connection elements 114 and the first combined sig- 
nals correspond with the input/output elements 116. The 
combiner/dividers 113 are coupled between signal con- 
nection elements 114 and input/outputs 116. The second 
layer includes eight input/outputs corresponding to the 
first eight beams. 

[0044] The second layer 110 may be coupled above or below the 
first layer 90. The signal elements 114 of the second layer 
110 are coupled to the input/output elements 102. Beam 
energy may be transferred between the first layer 90 and 
the second layer 110 via plated through holes in the 
beamforming array 26. 



[0045] Referring now to Figures 7 A and 7B, schematic views of a 
third beamforming layer 130 and a forth beamforming 
layer 132 of the subarray 29 are shown in accordance with 
an embodiment of the present invention. The third layer 
130 and the forth layer are similar to the first layer 90 and 
the second layer 110, respectively. The third layer 130 in- 
cludes a third series of combiner/divider strips 134 and 
the forth layer 132 includes a forth series of combiner/di- 
vider strips 136. The combiner/divider strips 136 com- 
bine a third set of signals, corresponding to beams 9-16, 
to form a forth set of signals, or divide the forth set of 
signals to form the third set of signals, depending upon 
the mode of operation. The third set of signals corre- 
spond with connection elements 138 and the forth set of 
signals correspond with the input/outputs 140, in Figure 
7A. The combiner/divider strips 136 combine the forth 
set of signals to form second combined signals or divide 
the second combined signals to form the forth set of sig- 
nals, depending upon the mode of operation. The forth 
set of signals correspond with the connection elements 
142 and the second combined signals correspond with the 
input/output connections 144. 

[0046] D U e to the symmetrical distribution of the tile elements 



79 around the periphery 80, the beams 9-16 may be de- 
rived as beams 1-8. This symmetry allows the same lay- 
out used in the layers 90 and 110 to be used in layers 130 
and 132 with approximately a 90° rotation of the layers 
130 and 132 relative to the layers 90 and 110. 

[0047] Although the above-described subarray 29 includes four 
beamforming layers, any number may be utilized. In one 
embodiment of the present invention, the subarray 29 is 
formed of two beamforming layers. The two beamforming 
layers consist of a first layer (not shown) having the first 
strips 92 and the forth strips 136, and a second layer (not 
shown) having the second strips 112 and the third strips 
134 integrally formed therein. 

[0048] The above-described beamforming layer designs aid in 

reducing height of the antenna 12 to approximately three 
inches as opposed to approximately thirty-six inches with 
a traditional centralized beamformer assembly. 

[0049] The present invention provides a multi-beam phased ar- 
ray antenna assembly with reduced mass, interconnec- 
tions, number of components, size, integration time, and 
cost, as well as improved reliability. The architecture of 
the antenna assembly also eases access to individual 
components, which increases repair ease. In addition, the 



antenna array may be scaled for different frequencies and 
is applicable for both transmit and receive modes of oper- 
ation. 

[0050] while the invention has been described in connection with 
one or more embodiments, it is to be understood that the 
specific mechanisms and techniques which have been de- 
scribed are merely illustrative of the principles of the in- 
vention, numerous modifications may be made to the 
methods and apparatus described without departing from 
the spirit and scope of the invention as defined by the ap- 
pended claims. 



